P. Myocardial oxygenation and functional recovery in infarct rat hearts transplanted with mesenchymal stem cells.
MYOCARDIAL ISCHEMIA CAUSES oxygen deprivation and induces an acute inflammatory response, leading to apoptosis of cardiomyocytes. Several revascularization treatments are used in the clinic to restore blood flow and oxygen supply to the affected region to prevent or minimize the occurrence of irreversible tissue damage. In the absence or failure of such acute treatments, myocardial infarction (MI) will occur, eventually leading to scar tissue formation and cardiac dysfunction, including ventricular remodeling and arrhythmias. In such extreme situations, stem cell therapy (cardiomyoplasty) is being pursued as a potential treatment to replace the lost cardiomyocytes and revascularize the ischemic tissue (9, 11, 20, 22) . However, cell therapy to regenerate the damaged cardiac tissue is faced with a number of challenges, including the right choice of cell type and treatment conditions. One of the impediments to a successful cardiomyoplasty has been our inability to determine the optimal oxygen concentration necessary for the survival and engraftment of transplanted cells before they can provide functional benefits. Furthermore, the choice of stem cell type and the specific oxygen requirements of the cells to ensure survival in the hostile ischemic environment need to be determined.
To monitor oxygen concentration (PO 2 ) in the myocardium subjected to stem cell therapy, a noninvasive technique capable of providing accurate and reliable measurements of PO 2 over a period of time in a live animal is required. The paucity of such capability has severely hampered our ability to investigate the role of myocardial oxygenation in stem cell therapy. Electron paramagnetic resonance (EPR) oximetry is a recently established technology for noninvasive and repeated measurements of myocardial oxygenation in small animal models of cardiac stem cell therapy (18, 33) . The principle of this method is based on the effect of molecular oxygen on the paramagnetic property of lithium naphthalocyanine-based microcrystals [oxygen-sensing spin probe (OxySpin)] (25) . The oxygen-induced change in the paramagnetic property is detected using EPR spectroscopy, which is similar to magnetic resonance imaging (MRI), but uses a very low magnetic field. The OxySpin crystals are nontoxic, biocompatible, and stable in tissues for long periods of time, several months or longer (33) . We have recently reported the applicability of this technology for realtime monitoring of PO 2 in a murine model of acute MI where we measured the change in oxygenation for 4 wk postimplantation after transplantation of skeletal myoblasts in the infarct region (18, 33) .
Mesenchymal stem cells (MSC) have recently been shown to be promising and widely applicable to cellular cardiomyoplasty (2, 27) . MSCs are multipotent cells found in various types of tissues, including bone marrow, umbilical cord, adipose tissue, and dental pulp (3, 7, 17, 21, 23, 26) . MSCs have the potential to differentiate into cells of vascular lineages, including smooth muscle and endothelial cells. MSCs have the capacity to differentiate into cardiomyocyte-like cells in vitro (1) , although it has been observed to be a rare event in in vivo studies (2, 8, 19, 31) . The effectiveness of MSC-based stem cell therapy has been attributed more to the paracrine-signaling properties of these cells, rather than to their differentiation abilities (12, 30) . Although MSCs have been shown to have several advantages, a recent report cautioned the potential risks of whole bone marrow cells and in particular MSCs to treat nonhematopoietic disorders (5) . This observation necessitates further studies to optimize conditions for in vitro preparation of MSCs before use in clinical studies.
A growing body of literature on MSC-based therapy for MI suggests that understanding the importance of the tissue microenvironment and how it may be manipulated is critical to realize effective therapeutic potential (6, 14, 32) . Oxygen concentration is one of the vital components within the microenvironment. Oxygen plays a significant role in the control and regulation of many physiological, metabolic, and signaling pathways involved in cellular engraftment and host tissue regeneration. We, therefore, sought to build upon our previous experiences using transplantable cells and oxygen-sensing EPR probe to measure this important parameter in stem cell therapy. Specifically, the goal of this study was to determine the cardiac tissue oxygen concentration in a rat model of acute MI treated with MSC. To achieve this goal, we performed in vitro characterization of OxySpin and evaluated the effect of the OxySpin probe on the proliferation and differentiation characteristics of the cells. These experiments were necessary to ensure that MSC phenotype and differentiation potential remained unchanged after exposure to or uptake of the probe. Cultured MSCs with OxySpin probes were then transplanted into infarcted rat hearts, and the in vivo tissue PO 2 was monitored using EPR oximetry. The PO 2 data were correlated with the functional data and infarct size at 4 wk after transplantation.
MATERIALS AND METHODS

MSCs
Cryopreserved primary rat MSCs, isolated from the bone marrow of adult Fisher 344 rats, were procured from Chemicon (Billerica, MA). The cells were characterized by the supplier to be positive for CD29 (integrin ␤1) and CD54. The primary cells were thawed and cultured using Dulbecco's modified Eagles medium (DMEM ϩ GlutaMAX-1 low glucose 1ϫ) containing 10% heat-inactivated FBS and penicillin/streptomycin (GIBCO). Accutase (Chemicon), a cell-detachment solution containing proteolytic and collagenolytic enzymes, was used for separation of adherent cells. MSCs of passage five or less were used for experiments. The cells were grown at 37°C in a humidified environment at 5% CO2 in air.
OxySpin
Microcrystalline particulates of lithium 5,9,14,18,23,27,32,36-octa-nbutoxy-2,3-naphthalocyanine (LiNc-BuO) were used as OxySpin (25) . The OxySpin is paramagnetic and can be detected by EPR spectroscopy. Approximately 10 mg of LiNc-BuO in 500 l of medium containing 5 mg of BSA were sonicated for a total of 7.5 min (using five cycles of 30 s sonication, followed by 1 min cooling on ice) to get sub-micron-sized (270 Ϯ 120 nm) particulates using a probe sonicator (22.5 kHz; Sonic Dismembrator, model 100; Fischer Scientific). The OxySpin was calibrated by measuring its EPR line width after exposure to different concentrations of oxygen using premixed oxygen and nitrogen gases of known composition (25) . A small amount of OxySpin (ϳ10 g) sealed in a 0.8-mm-diameter gas-permeable Teflon tube (Zeus Industrial Products, Orangeburg, SC) was inserted in a 3-mm quartz EPR tube to perform the measurements. The oxygeninduced line broadening (change in peak-to-peak width) of the signal was used to measure extracellular oxygen concentration. A linear variation of line width was observed as a function of PO2 in the range of 0 -300 mmHg.
Uptake of OxySpin Particulates by MSCs
MSCs were incubated with three different doses of sonicated OxySpin particulates (50, 100, or 200 g/ml of culture medium). Cellular uptake of OxySpin was monitored using EPR spectroscopy after 24, 48, and 72 h of incubation time. Except for the confocal studies, for all further in vitro experiments, the cells were labeled for 48 h using a dose of 100 g/ml OxySpin. After incubation, the cells were washed three times with Dulbecco's PBS (GIBCO) to remove the uninternalized particulates. The cells were detached using Accutase, collected, and suspended for analysis or transplantation. For in vivo studies, 10 mg of LiNc-BuO in 500 l of medium containing 5 mg BSA were mixed briefly by sonicating for 30 s before transplantation in the heart.
Z-stack Localization Studies of OxySpin in MSCs
MSCs at passage 3 were cultured on sterile cover slips in six-well plates at a seed density of 3ϫ10 4 cells/dish in the presence of 100 g/ml of OxySpin for 72 h. The additional time was necessary to maximize internalization of the probes to study localization of the particulates after uptake. The cells attached to cover slips were washed with 1ϫ PBS and fixed with 4% paraformaldehyde for 10 min at room temperature and blocked for 30 min with 1% BSA in 0.01% TBS-Tween. The cells were stained with 5 M DiI (Invitrogen/ Molecular Probes) to identify the membrane and 10 M Draq5 (Alexis) to identify the nucleus. The cover slips with cells were then fixed to a glass slide with mounting medium (Gel Mount Aqueous mounting medium) and viewed using a confocal fluorescence microscope (LSM 510; Zeiss, Thornwood, NY). Images were overlaid using LSM Image Browser software to generate a merged image for each specimen. Z-stacks were created by obtaining images at 0.37-m intervals for control cells and at 0.57-m intervals for the labeled cells.
Cytotoxicity Studies
Cell viability. MSCs were cultured in the presence of OxySpin (100 g/ml) for 24, 48, 72, and 96 h. The viability of the cells was assessed using both an automated cell counter (NucleoCounter; New Brunswick Scientific, Edison, NJ) and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. The cell counter technique uses propidium iodide, which binds to cellular nuclei. Depending upon sample preparation, the counts provide the total number of cells and number of nonviable cells, from which the number of viable cells can be calculated. The cells were seeded at 1ϫ10 5 , 7ϫ10 4 , 5ϫ10 4 , and 3ϫ10 4 in six-well plates for 24-, 48-, 72-, and 96-h studies, respectively. All experiments were performed in at least two parallels and repeated three times.
Cell survival was also evaluated with MTT. Dark blue formazan crystals insoluble in aqueous solutions are formed when mitochondrial dehydrogenases of viable cells cleave the tetrazolium ring of the component. Cells were seeded and incubated in 5% CO 2 at 37°C using 8 ϫ 10 3 cells/well for 24-and 48-h labeling, and 6 ϫ 10 3 cells/well for the 72-and 96-h labeling. On removing the labeling medium after incubation, 100 l of MTT reagent (5 mg/ml) was added, and the cells were incubated for 4 h at 37°C. Acidified isopropanol (100 l) was used to dissolve the formazan crystals formed. Absorbance at 570 nm was measured by an automated plate reader (AD340; Beckman Coulter). All assays were performed in at least three parallels and repeated four times.
Membrane integrity of the cells after internalization of the probe was examined using Trypan blue exclusion assay. After incubation, the cells were washed, detached using Accutase, and treated with Trypan blue to assess viability. The number of live and dead cells was counted using a hemocytometer. Cytotoxicity was also determined by measuring the amount of lactate dehydrogenase (LDH) released in the cell culture medium using an LDH assay kit according to the proce-dure provided by the manufacturer (Sigma). After incubation, an aliquot of the medium was taken and assayed for LDH activity using a Varian (model Cary 50) spectrophotometer.
Cell proliferation assay. The effect of OxySpin on the proliferation of MSCs was evaluated by bromodeoxyuridine (BrdU) incorporation assay according to the manufacturer's protocol (Roche). Briefly, sonicated OxySpins (100 g/ml) were added to cells at 60 -75% confluence grown in 96-well plates and incubated for 48 h. BrdU (10 M) was added to each well and incubated overnight. The incorporated BrdU was detected using a BrdU-specific monoclonal antibody conjugated with peroxidase (1:100 dilution) followed by incubation with the substrate solution (tetramethylbenzidine). The peroxidase reaction was stopped by the addition of 25 l of 1 M sulfuric acid. Light absorbance at 450 nm (reference wavelength: 690 nm) was measured within 5 min using a microplate reader (model AD 340; Beckmann Coulter). All experiments were performed with at least three parallels and repeated three times.
Oxygen Consumption Measurements
The effect of OxySpin on cellular mitochondrial function was assessed by measuring the cellular oxygen consumption using EPR spectroscopy. Labeled MSCs were taken in a capillary tube (ϳ30 l), and then both ends of the tube were sealed. EPR measurements were performed using a Bruker X-band (9.8 GHz) spectrometer (Bruker Instruments, Karlshrue, Germany). In control experiments, OxySpin (10 g) was added externally to MSCs in suspension, and the oxygen consumption was measured. EPR spectra were acquired until most of the oxygen enclosed in the capillary tube was consumed by the cells, which correspondingly decreases the line width of the probe. The accurate measure of line width was attained using custom-developed data acquisition software. The oxygen consumption rates (OCR) were determined from PO 2 data as a function of time. The following expression was used to calculate the OCR and expressed as nanomoles per minute per 1 ϫ 10 6 cells: OCR ϭ m␣, where m is the slope of the PO2 curve (in mmHg/min) and ␣ is the solubility of oxygen in water (1.59 nmol/mmHg at 22°C).
In Vitro Differentiation Assay for MSCs
Adipogenesis. MSCs were induced to differentiate into adipocytes using Chemicon's MSC adipogenesis kit. The cells were labeled with 100 g/ml of OxySpin for 48 h. The protocol involved a 21-day-long process (as specified in the manual) that started after the cells reached 100% confluence. The factors that were used toward initiating the formation of fat cells were a combination of steroidal and nonsteroidal chemicals, including dexamethasone (10 mM), 3-isobutyl 1-methylxanthine (0.5 M), insulin (10 mg/ml), and indomethacin (10 mM). Mature adipocytes form lipid vacuoles were stained with Oil Red O staining. The nuclei were stained using hematoxylin.
Osteogenesis. Osteogenic differentiation was detected by the deposits of calcium caused by osteoblasts. The osteogenesis kit was obtained from Chemicon. The cells were grown in 24-well plates in low-glucose medium and labeled with 100 g/ml of OxySpin for 48 h. The induction of osteogenesis started once the cells reached 100% confluence. The plates were pretreated with collagen type I and vitronectin to promote osteogenesis. Reagents that were used for the 14-to 17-day process (as specified in the manual) included dexamethasone (1 mM), ascorbic acid 2-phosphate (0.1 mM), glycerol 2-phosphate solution (1 M), and L-glutamine (100ϫ). Alizarin red staining was used to stain the deposition of calcium orange-red.
Cardiomyogenesis. MSCs of passage 2 on reaching a confluency of 70 -75% were labeled by incubation with OxySpin for 48 h. The labeled cells were then seeded in 60-mm petri dishes at a cell density of 7.5ϫ10 4 /ml and cultured for 1 wk in DMEM ϩ GlutaMAX-1 low glucose 1ϫ containing 5% heat-inactivated FBS and penicillin/streptomycin. After 1 wk, cells were treated with 10 M 5-azacytidine (Sigma-Aldrich) for 24 h. The cells were then washed with PBS (1ϫ) and replaced with DMEM ϩ GlutaMAX-1 low glucose 1ϫ medium containing 5% FBS. Expression of cardiomyocyte markers was examined by immunocytochemistry between 2 and 3 wk after treatment.
Endothelial differentiation. MSCs of passage 2 on reaching a confluency of 70 -75% were labeled by incubation with OxySpin for 48 h. The labeled cells were then seeded in 60-mm petri dishes at 5.5ϫ10 4 /ml and grown in complete Clonetics Cambrex EGM-2 medium (Lonza, NJ). Expression of endothelial cell markers was examined by immunocytochemistry after 3 wk of culture.
Immunocytochemistry. Labeled and control cells grown in 60-mm petri dishes and six-well plates were fixed with 2% paraformaldehyde for 5 min. The cell membrane was permeabilized with 0.5% Triton X (1ϫ PBS) for 15 min followed by 30 min of incubation with normal goat serum (Jackson ImmunoResearch). After being washed with PBS (1ϫ), the cells were incubated overnight with the primary antibodies. Cardiomyocyte specific antibodies used were mouse monoclonal heavy chain cardiac myosin antibody (1:50; Abcam) and monoclonal anti-mouse connexin-43 (1:250; Chemicon). The antibodies specific to endothelial lineage used were monoclonal anti-mouse platelet/ endothelial cell adhesion molecule-1 (CD31) (1:50; Chemicon) and rabbit anti-human von Willebrand Factor (1:1,000; Chemicon). Secondary antibodies conjugated with Alexa Fluor 488 goat anti-mouse (Invitrogen), Alexa Fluor 594 goat anti-mouse (Invitrogen), and Alexa Fluor 488 goat anti-rabbit (Invitrogen) were used to visualize the expression of primary antibodies. The nucleus of the cells was stained with hard set mounting medium with 4Ј,6-diamidino-2-phenylindole (DAPI; Vector Laboratories).
Characterization of MSC Phenotype
MSCs of the second and fifth passages were analyzed using flow cytometry to characterize the phenotype of cells labeled with OxySpin (100 g/ml for 48 h). The cells (1ϫ10 6 ) were incubated with antibody or isotype control for 45 min on ice. Cell aliquots were incubated with fluorescein isothiocyanate (FITC)-or phycoerythrin (PE)-conjugated monoclonal antibody against CD44 (Chemicon), CD14 (Chemicon), CD29 (integrin ␤ 1; Biolegend), and CD45 (BD Pharmingen). Aliquots of cells were also stained with respective isotype controls, IgGconjugated to FITC or PE. Flow data were acquired using a FACS Calibur (BD) and analyzed using CellQuest software (BD).
Induction of MI and Cell Transplantation In Vivo
Fisher-344 rats were used in the study. All of the procedures were performed with the approval of the Institutional Animal Care and Use Committee of The Ohio State University and conformed to the Guide for the Care and Use of Laboratory Animals, published by the National Institutes of Health (NIH Publication No. 86-23, Revised 1996). MI was created by permanently occluding the left anterior descending coronary artery (LAD). An oblique 12-mm incision was made 8 mm away from the left sternal border toward the left armpit. The chest cavity was opened with scissors by a small incision (10 mm long) at the level of the third or fourth intercostal space, 2-3 mm from the left sternal border. The LAD was visualized as a pulsating bright red spike running through the midst of the heart wall from underneath the left atrium toward the apex. The LAD was ligated 1-2 mm below the tip of the left auricle using a tapered needle and a 6-0 polypropylene ligature passed underneath the LAD, and a double knot was made to occlude the LAD. Occlusion was confirmed by a sudden change in color (pale) of the anterior wall of the left ventricle (LV). Electrocardiogram changes were recorded, and ST elevation was observed after LAD ligation. The chest cavity was closed by bringing together the third and fourth ribs with one 4-0 polypropylene silk suture. The layers of muscle and skin were closed with a 4-0 polypropylene suture, and the rats were allowed to recover under warm light.
Multiple injections of MSCs (a total of 5ϫ10 5 cells in 100 l) with OxySpin were given in the infarct and peri-infarct regions of the hearts 30 min after LAD ligation (MI ϩ MSC group). The control (no LAD ligation, non-MI) group of animals received OxySpin only (in 100 l). The MI group (LAD ligated) received OxySpin only. The chest cavity was closed after transplantation of the stem cells. Oxygen measurements were performed immediately and then 4 wk after MI using in vivo EPR oximetry.
Measurement of Myocardial PO 2 by EPR Oximetry
Measurements of myocardial oxygenation were performed noninvasively using an L-band in vivo EPR spectrometer (Magnettech) equipped with automatic coupling and tuning controls for measurements in beating hearts. Rats, under anesthesia (2% isoflurane in room air), were placed in a right lateral position with their chest close to the loop of the surface-coil resonator. EPR spectra were acquired as single 30-s scans. The instrument settings were as follows: incident microwave power, 4 mW; modulation amplitude, 180 mG; modulation frequency, 100 kHz; and receiver time constant, 0.2 s. The peak-topeak width of the EPR spectrum was used to calculate PO 2 using a standard calibration curve.
Echocardiography
The rats were kept under isoflurane (2% in air) anesthesia. Shortaxis two-dimensional echocardiography images were obtained from rats orientated on a heating pad in a left lateral decubitus or supine position. LV parameters were obtained from M-mode interrogation in a short-axis view. LV posterior wall thickness, LV internal diastolic diameter (LVIDd), and LV internal systolic diameter (LVIDs) were calculated from the echo data. LV percent fractional shortening (LV%FS) and LV ejection fraction (LVEF) were calculated as follows: LV%FS ϭ (LVIDd Ϫ LVIDs)/LVIDd ϫ 100; and LVEF ϭ [(LVIDd) 3 Ϫ (LVIDs) 3 ]/ (LVIDd) 3 ϫ 100. All echocardiography measurements were averaged from at least three separate cardiac cycles of four animals per group.
Assessment of Fibrosis
Rats were killed 4 wk after MI, and the hearts were recovered, washed with cold PBS, and fixed in formalin. After 12 h, the heart sections were embedded in paraffin, and LV cross sections from apex, mid-LV, and base were stained with Masson-Trichrome. Images of left ventricular area (LVA) of each slide were taken using a Nikon model C-PS (20ϫ objective) stereomicroscope equipped with a Spot Insight camera (Diagnostic Instruments). Fibrosis and total LV area of each image were measured using the MetaVue image analysis software (Molecular Devices, Downingtown, PA). The percentage of the fibrosis was calculated as (fibrosis area/total LVA) ϫ 100 using four animals per group.
Immunohistochemical Staining of Cardiac
The tissue sections were then incubated with 2% goat serum and 5% BSA in PBS to reduce nonspecific binding. The sections were then incubated for 4 h with mouse anti-␣-smooth muscle actin (␣-SMA) or anti-vascular endothelial growth factor (VEGF). The sections were then incubated with appropriate anti-mouse secondary antibodies (1:1,000 dilution) conjugated to Texas red (␣-SMA) or FITC (VEGF). Nuclei were counterstained with hardest DAPI (Vector Laboratories). The tissue slides were visualized using an inverted Nikon fluorescence microscope. Separate sections were also stained without primary antibodies to examine nonspecific binding. Blood vessels staining positive for ␣-SMA were counted in both infarct and peri-infarct regions of the heart.
Data Analysis
The statistical significance of the results was evaluated using ANOVA and a Student's t-test. The values were expressed as means Ϯ SD. A P value of Ͻ0.05 was considered significant. In both cases, the EPR line width was linearly proportional to PO2, and there was no significant difference between the sensitivity of line width to PO2. C: cellular uptake of OxySpin by MSCs at a concentration of 100 g/ml of medium showed a linear increase with increasing period of incubation. D: cellular uptake of OxySpin by MSCs for an incubation period of 48 h showed a linear increase with increasing dosage of OxySpin. Data were obtained from 3 independent experiments and expressed as means Ϯ SD. AU, arbitrary units.
RESULTS
Endocytosis of OxySpins by MSCs.
Incubation of MSCs (at 70% confluence) with OxySpins resulted in substantial endocytosis of the probe by the cells. After incubation, the extracellular OxySpins were removed by repeated washings. The cells showed an intense EPR spectrum that was highly sensitive to oxygen concentration in the medium (Fig. 1A) , confirming the presence of intracellular OxySpins. The peak-to-peak width of the spectrum showed a linear variation with PO 2 that was not significantly different from that of uninternalized OxySpins, suggesting that the oxygen-sensing property (calibration) of the probe was not altered upon internalization in cells (Fig. 1B) . The cellular uptake was monitored by measuring EPR intensity, which is a measure of the OxySpins internalized by the cells, by varying time period of incubation to 24, 48, and 72 h (Fig. 1C) . The results showed a time-dependent increase in the uptake of OxySpins. Similarly, the dose effect of OxySpins incubated with MSCs was studied in the range of 50 -200 g/ml (Fig. 1D) . Approximately a twofold increase in spin density was observed on doubling the concentration of OxySpin, whereas a 1.5-fold increase was observed on doubling of incubation time. The mean value of uptake was ϳ3 ϫ 10 10 spins/cell (at 100 g/ml dosage and 48 h incubation time).
Localization of OxySpins in MSCs
The cellular localization of OxySpins in MSCs was determined using confocal microscopy. Z-stacks of the MSCs fixed on cover slips were obtained at 0.37-and 0.57-m intervals for the control and labeled cells, respectively. Figure 2 shows some representative stack images of the labeled cells. The images showed no observable differences on the spindleshaped morphology or the overall phenotype upon labeling. The OxySpins were observed to be distributed in all slices of the image stack and were primarily localized around the nuclear membrane.
Cytotoxicity of OxySpins on MSCs
The cells were examined for possible cytotoxicity induced by uptake and exposure to the OxySpins. Standard cytotoxicity tests, including MTT assay for mitochondrial viability, Trypan blue dye exclusion assay for cellular membrane integrity, propidium iodide-based cell viability, BrdU assay for cell proliferation, LDH assay for membrane damage, and oxygen consumption assay for mitochondria metabolism/respiration showed no significant effect on MSC viability (Fig. 3) . 3 . Effect of OxySpin on cell viability and proliferation. MSCs were incubated with OxySpin (100 g/ml) for 24, 48, 72, or 96 h to determine mitochondrial viability measured by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay (A) and nuclear viability measured by propidium-iodide (PI) staining (B). MSCs were incubated with OxySpin (100 g/ml) for 48 h to determine membrane integrity measured by Trypan blue exclusion assay (C), cell proliferation measured by bromodeoxyuridine (BrdU) incorporation assay (D), membrane damage measured by lactate dehydrogenase (LDH) leak in cell culture supernatants (E), and cellular respiration (metabolism) measured as oxygen consumption rate (OCR, nmol/ min per 1 ϫ 10 6 cells; F). In A-D, data are expressed as percent of controls, which did not include OxySpins. In all, data represent means Ϯ SD obtained from 3 independent experiments. Overall, the results show that OxySpin has no significant effect on the viability or proliferation of MSCs.
Effect of OxySpin on Differentiation Potential of MSCs
MSCs are multipotent stem cells that have the ability to differentiate into cell types of various lineages. To determine the effect of OxySpin exposure and uptake on the multilineage differentiation capability of MSCs, the cells were induced to differentiate to adipogenic, osteogenic, cardiomyogenic, and endothelial lineages. Figure 4 shows the differentiation of MSCs into adipocytes and osteocytes. Figure 5 shows the differentiation of MSCs into cardiomyocytes (positive staining for myosin heavy chain and connexin-43) and endothelial cells (positive staining for CD31 and von Willebrand markers). The results clearly established that the differentiation potential of MSCs was not altered because of uptake of OxySpin.
Effect of OxySpin on Cell Surface Antigen Profile of MSCs
MSCs are nonhematopoietic stem cells characterized by specific cell surface antigens that are not expressed in most hematopoietic stem cells. We used flow cytometry to determine whether or not the presence of OxySpin would affect the cell surface antigen profile of MSCs. The cells were studied at passages 2 and 5. Antigen expression was observed to be positive for CD44 and CD29 and negative for the hematopoietic markers CD14 and CD45 (Fig. 6 ). The expression of these markers was Ն95% for the positive markers and Յ2% for the negative markers in both the control and labeled MSCs.
Improvement of Cardiac Function Upon MSC Transplantation in MI Hearts
M-mode echocardiography was used to determine the effect of transplanted MSCs in the functional recovery of infarct hearts at 4 wk after therapy (Fig. 7) . LVEF was significantly decreased in the MI group compared with control. The LVEF was significantly improved in the MSC-treated group (MI ϩ MSC) compared with the MI group. Similarly, LV fraction shortening was significantly decreased in the MI group compared with control, whereas the decrease was significantly attenuated in the MI ϩ MSC group.
Recovery of Myocardial PO 2 in MSC-transplanted Hearts
The measurements of myocardial tissue PO 2 in the infarct region of hearts were performed immediately after transplantation of MSCs (day 0) and at 4 wk after MI (Fig. 8) . The mean baseline PO 2 in the noninfarct control hearts was 19.7 Ϯ 1.4 mmHg. After 4 wk, the PO 2 value in the noninfarct control heart was 19.6 Ϯ 1.6 mmHg, indicating that the PO 2 levels did not change significantly over the 4-wk period in the control group. A marked decrease of myocardial PO 2 was observed in the MI group (3.0 Ϯ 0.7 mmHg). There was no significant difference between the PO 2 values of MI and MI ϩ MSC groups on day 0. However, the MI ϩ MSC group showed a significantly higher PO 2 compared with the MI group (18.1 Ϯ 2.6 vs. 13.0 Ϯ 1.8 mmHg) at 4 wk after MSC transplantation. Interestingly, the MI group also showed a significant increase in PO 2 at 4 wk compared with MI at day 0.
Reduction of Fibrosis in MSC-transplanted Hearts
Rats were killed 4 wk after MI, and heart sections were embedded in paraffin. LV cross sections were stained with Masson-Trichrome for determination of fibrosis. The fibrotic area was significantly reduced in the MI ϩ MSC group compared with the MI group (Fig. 9) .
Angiogenesis Induced by MSCs in Infarct Tissue
The transplanted MSCs in the infarct region induced an increase in the expression of VEGF and ␣-SMA, indicating an increase in new vascular structure formation (Fig. 10) . The vessel density and the VEGF intensity were significantly higher in the MI ϩ MSC group compared with the MI group.
DISCUSSION
The present study demonstrated the feasibility of using MSC with OxySpin for noninvasive and repeated measurements of oxygen concentration following myocardial stem cell therapy using EPR oximetry. The OxySpin showed no apparent effect on the viability, metabolism, and proliferation of the cells. Most importantly, the labeled MSCs retained their ability to differentiate. Transplantation of MSCs to infarcted rat hearts resulted in a significant increase in myocardial oxygenation and recovery of cardiac function.
We have previously characterized the uptake of the probe using a number of different cell lines, including smooth muscle cells, ovarian cancer cells, and skeletal myoblasts (4, 24, 33) . We observed that the probe could be easily internalized by endocytosis and remained nontoxic to the cells. In the present study, MSCs showed an uptake of ϳ3 ϫ 10 10 spins/cell at 100 g/ml dosage after 48 h of incubation time. The results suggested that the magnitude of labeling of MSCs with OxySpins is comparable to that of skeletal myoblasts (33) . Confocal microscopy clearly showed the presence of the nanoprobes around the perinuclear membrane. It should be noted that micron-sized superparamagnetic iron oxide and nanoscale, ultrasmall superparamagnetic iron oxide particles used in MRI applications have likewise been reported to localize around the nuclear membrane (34) .
Multiple viability tests and proliferation assays showed no significant reduction in cellular viability and no difference in the proliferation rate were observed after labeling of the MSCs with OxySpin particulates. The MTT assay, which is a measure of mitochondrial viability, revealed that the labeling had no significant effect on mitochondrial function. The integrity of mitochondrial function was also evident from the oxygen consumption (respiration) data, which did not significantly change between the labeled and unlabeled control cells. This would imply that, even if labeled MSCs are transplanted to the ischemic region of infarcted myocardium, changes in PO 2 reported by the oxygen-sensitive probes are because of external factors and not due to chemical reactions between the OxySpin and molecular oxygen.
The uptake of OxySpin by MSC through endocytosis and its effect on the viability and stem cell characteristics of MSCs were thoroughly examined in the in vitro studies, where the cells were coincubated with the probe in culture. However, we do not know whether a similar particulate uptake will occur when the probe is mixed with the cells and injected in the infarcted tissue. The tests have confirmed that, if particulates are engulfed by MSC after delivery to the in vivo environment or during the short period of time during which the cells and OxySpin are mixed before implantation, the oxygen-sensing capability of the spin probe is preserved. Furthermore, exposure to the probe showed no apparent effect on the viability, metabolism, or proliferation of the MSCs.
MSC are a precursor to a number of mature or terminally differentiated cell types. This characteristic, multilineage potential must be preserved upon cellular uptake or labeling of MSCs with OxySpins to maintain their usefulness for stem cell-based therapeutics. Although considered inert, the possibility was recognized that phagocytic uptake of the OxySpin crystals could induce alterations in phenotype, as determined by membrane surface markers, or their differentiation potential. CD44 and CD29 (integrin ␤ 1 ) are cell surface markers that are commonly used to identify MSCs. An increase in CD44 expression by MSCs has been shown to be an indication of their migratory phenotype (35) , whereas CD29 (integrin ␤ 1 ) is an integral membrane protein whose expression is important for MSC migration to the infarct region of the heart (15). CD14, a macrophage marker, and the hematopoietic surface marker CD45 are commonly used as negative markers for identifying the MSC phenotype. In these studies, both the unlabeled control and OxySpin-laden cells from second and fifth passage samples stained positive for both CD44 and CD29 expression and were negative for CD45 and CD14 expression. This evidence suggests that expression of two of the most important MSC cell surface markers, with respect to cellular migration to the infarct tissue, is preserved following uptake and retention of the OxySpins.
We have also shown in the present study that MSCs in culture could be induced to differentiate into osteocytes or adipocytes after labeling with OxySpin. More importantly, MSCs labeled with OxySpin retained their potential to differentiate into cardiomyocyte-like cells and endothelial cells which could promote cardiac tissue regeneration in vivo. Although it is not feasible to evaluate the possibility of differentiation along every possible cell line that has been reported for MSCs, it clearly shows that their multilineage potential is preserved after uptake of the OxySpin probes. While recent evidence indicates that paracrine-signaling effects of MSC transplantation are the primary reason for therapeutic efficacy (10, 12, 30) , the possibility remains that, under appropriate circumstances, MSCs may be capable of differentiation to cardiomyocyte-like cells in vivo (16, 19) . If so, future studies may demonstrate that MSCs transplanted to the ischemic myocardium may be critical on both fronts, through paracrinesignaling effects and the attenuation of ventricular wall thinning and cardiac remodeling through differentiation into car- diac lineage cells. Regardless of the mechanism, the survival and retention of a sufficient number of transplanted MSCs in the ischemic myocardium is crucial for stem cell therapy to realize its full potential in cardiac applications. Because the levels of tissue oxygenation in the infarct and peri-infarct regions may play a fundamental role, there is a need for a reliable method to monitor tissue oxygenation during therapy.
From our in vivo studies using a rat model of MI, hearts treated with MSCs exhibited significant functional recovery and a reduction in infarct size. These results are in concordance with previous studies by other laboratories (13, 28, 29) . However, in our study, we used EPR oximetry to measure the recovery of myocardial oxygenation at the therapeutic site in the heart. At the end of the 4-wk study period, there was a significant improvement in the tissue PO 2 of the MSC-treated group compared with the untreated MI group. The recovery in PO 2 in the MSC-treated rat hearts approached normal (preinfarct) values at the end of the study. This would imply that additional oxygen supply has been made available to the infarct tissue region, most likely through angiogenesis.
The functional parameters of the heart showed substantial improvement following MSC transplantation. The ejection fraction and fraction shortening parameters, which are the measures of myocardial contractility, were found to increase, whereas the amount of fibrotic scar tissue in the infarcted region was attenuated after cell therapy. An increase in the VEGF expression was observed along with increased vessel density in the MI ϩ MSC groups indicated by the expression of ␣-SMA in the infarct region. The improved oxygenation in the infarct heart can be correlated with the enhancement in cardiac function of the MSC-treated hearts as a result of enhanced angiogenesis and neovasculature.
In our previous study using a mouse model of acute MI, we had used skeletal myoblasts labeled (internalized) with OxySpin and monitored changes in oxygenation for up to 4 wk (18) . In the present work using rat hearts, we deliberately chose to use MSCs mixed with OxySpin particulates to increase the signalto-noise ratio of the acquired EPR signal. This change was viewed as necessary because of the larger size of the experimental animals, rats vs. mice. Although not internalized, the probe particulates were expected to be retained in the region of interest, as could be verified by the EPR signal obtained 4 wk after implantation.
In summary, we have demonstrated that MSCs can be used with OxySpin for monitoring of oxygen concentration in animal models of stem cell therapy in the MI heart. The OxySpins had no effect on the viability, metabolism, and proliferation of MSCs. Furthermore, the stem cell characteristics of MSCs, including their ability to differentiate into cells of osteogenic, adipogenic, and more importantly the cardiac and endothelial lineages, were preserved in the labeled cells. Implantation of MSCs in MI hearts resulted in increased myocardial oxygen- ation, which positively correlated with the recovery of cardiac function. The present study established our ability to monitor changes in oxygen concentration in myocardial stem cell therapy using in vivo EPR oximetry.
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